The esterification of ethanol, 1-propanol and 1-butanol with acetic acid in three ionic liquids with HSO 4 -anion and 1-alkyl-3-methylimidazolium cation was investigated. [HSO 4 ], which have catalytic activity. Data and modeling on the reaction conversions and the distribution of the compounds between the phases is reported here. Trends for the change in the liquid-liquid equilibrium, with parameters like alkyl chain length on the cation or the alcohol, are discussed and used to estimate the phase behavior of similar esterification systems.
INTRODUCTION
Esterifications are industrially important reactions and have been widely studied. In the recent years there are a number of publications concerning the use of ionic liquids (IL) as catalyst and/or solvent for esterification reactions . It was stated that IL can be beneficial compounds for these reactions, reducing the need for volatile solvents and allowing easier separation of the ester and catalyst [2, 21] . In the majority of published literature the IL used exhibited Brønsted acidity and were used as both catalyst and solvent in bulk quantities. Typical examples are IL with HSO 4 -or H 2 PO 4 -anion, otherwise the IL were only solvents and an additional catalyst [4, 5] was added (e.g. p-toluenesulfonic acid). In most cases the miscibility of the used IL with the corresponding esters is reported, when the IL were used in bulk quantities. The upper phase contained most of the ester and the lower phase the ionic liquid and most of the water. This phase splitting is beneficial for the separation of the ester and offers the opportunity to shift the equilibrium conversion towards products as reported in literature [2, 7, 16] . However, often the effect of the ionic liquid on the conversion shift is not quite clear, since no comparison was made with the homogeneous reaction without it. In few cases no phase separation was observed, as the IL used was miscible with esters. The latter cases were not suited for biphasic operation, as even the addition of water did not induce phase splitting [15] .
The distribution of the compounds between the phases or more detailed information on the phase equilibrium is scarcely mentioned [7, 15] , although it is expected to be important for achieving higher conversions. In general there are few publications on liquid-liquid equilibria for systems with ionic liquids and it is nearly impossible to conclude a *Address correspondence to this author at the Center of Mathematical and Computational Modeling, TU Kaiserslautern, Postfach 3049, D-67653 Kaiserslautern, Germany; E-mail: bart@mv.uni-kl.de priori whether an IL is suited for a given esterification reaction. Besides the effect on reaction conversion, the phase equilibrium will be important for processing the products of the reaction. Since the reaction is seldom completed in one stage the unreacted alcohol and acid need to be separated. Also, the loss of IL, due to solubility in the organic product phase, is usually neglected.
We already published [22] the phase equilibria for ternary systems containing products/reactants of the esterifica-tion reaction of ethanol with acetic acid and several ionic liquids at 40 ˚C. Furthermore, we investigated the effect of the alcohol/ester on the LLE in ternary systems [23] . In this paper we expand our study to five component systems. The focus is on the conversion of esterification reactions in ionic liquids with differently substituted methylimidazolium cation and hydrogen sulfate anion and the distribution of the compounds between the two phases for the five component systems containing alcohol + acetic acid + ester + water + IL. 4 ]. Also in the experiments the alkyl chain on the alcohol is varied (esterification of ethanol, 1-propanol and 1-butanol with acetic acid). The change in phase equilibrium is discussed and the obtained trends are used to make a rough estimate of the behavior of systems with higher alcohols. Combining the results with previous studies the relationship between reaction conversion and phase equilibrium is discussed and remarks on the choice of ILs for esterifications of aliphatic alcohols with acids in ionic liquids are made. 4 ] was synthesized from 1-methylimidazole (> 99.5 %) and sulfuric acid. Its purity was estimated to be 98 % [22] . The water content of the ionic liquids was usually less than 0.1%. Otherwise the initial water quantity is indicated in the Tables 2a to 4a. Ethanol (99.8 %), npropanol (99.8 %), n-butanol (99.5 %), acetic acid (99.8 %), n-propylacetate (98%), n-butylacetate (99.5 %) and methanol (99.8 %) were used without additional purification.
EXPERIMENTAL
The desired amounts of the alcohol, acetic acid and the ionic liquid were placed in a 100 ml flask, which was immersed in a water (or oil) bath at the desired temperature (T ± 0.1 K). The reaction mixture was mechanically stirred. Although some of the (alcohol + IL) systems reveal miscibility gap at room temperature, all starting mixtures were homogeneous at the temperature of the reaction experiments (60 °C or 80 °C). After some time, depending on the system (usually between 15 min and 2 hours), the formation of a second liquid phase was observed. Methanol was added (used as internal standard) to the organic phase sample, and it was analyzed by GC to determine the volatile compounds (alcohol, acetic acid and ester). The organic phase, when placed in the GC vial at room temperature, usually becomes milky and methanol also acts as a modifier to yield a single phase. Water (in both phases) was measured by Karl-Fischer titration. Acetic acid and the IL (in both phases) were determined by titration with 0.1M NaOH. The reaction conversion was calculated from the water and/or acetic acid content. For this purpose the mass of both phases had to be determined as well. For some preliminary experiments only the water content of the phases was determined and used to calculate the conversion. Since the alcohol and the ester in the IL were not directly measured, their concentration was calculated by a mass balance. Due to experimental uncertainties the calculated values for alcohol and ester in the IL have a high relative error (approx. 10-20 %). When these concentrations are low, e.g. below 0.05 mass fractions, the relative error can be much higher. However, the knowledge of alcohol and ester in the ionic phase is, in any case, useful when calculating the reaction conversion.
RESULTS AND DISCUSSION
Esterifications are relatively well studied reactions. Typical values of the equilibrium ratio K x = x ester ·x water / (x alcohol ·x acid ) found in the literature for the investigated reactions using conventional catalysts, e.g. H 2 SO 4 , are presented in Table 1 . These values are very close and the theoretically obtained conversions are in the range of 66-69 % (except [5] and [29] , see Table 1 ). It is generally stated that these esterifications have negligible heat of reaction and the K x is, therefore, almost independent of the temperature for all reactions. ) and the alcohol was varied (ethanol, n-propanol and n-butanol) allowing to study the effect of the alkyl chain length. The reaction temperatures were chosen so that they are below the boiling point of the lowest boiling compound at atmospheric pressure and are 60°C for the ethylacetate and 80°C for the propylacetate and butylacetate systems. In a typical experiment the mass of the ionic liquid is about 1/3 of the overall mass, higher or lower IL quantities showed only a weak influence on the conversion in the studied range. Reaction times were mostly kept at 24h to achieve both phase and reaction equilibrium in all cases. These reaction times are high compared to the ones reported in the literature for other IL and esterification systems, though it is clear that often even 8 to 12h would be sufficient (see e.g. Table 3a ). The obtained results indicate that these IL act as weak catalysts. For shorter reaction times in an industrial application the addition of e.g. H 2 SO 4, would be helpful.
It was found, that in some cases, particularly when the alcohol is better soluble in the ionic phase, it may react with the HSO 4 -anion to produce an alkylsulfate anion:
This reaction is accelerated by higher temperatures and free acids like H 2 SO 4 . Its presence is indicated by the higher quantities of produced water in comparison to the consumed acetic acid. This side reaction is not mentioned so far in the available literature on esterifications in IL with HSO 4 -anion. 4 ] systems exhibited about 10 % increased conversion compared to homogeneous systems without IL and was the best of all IL being investigated. 4 ]. A surplus of acetic acid to ethanol (2:1) gave 88 % conversion, which is hardly any improvement to the case without IL. With a ratio of ethanol to acetic acid of 2:1 only 84 % conversion was achieved, attributed to the side reaction. Any nonstoechiometrical ratio of the reactants typically leads to significantly higher solubilities of the IL in the organic phase. While there is only 0.9 % EMIM in the ester phase (Table 2b , entry 10), about 5-6 % IL are found for ratios lower or higher than unity (entries 11 and 12 (1:2 and 2:1)). Interestingly the distribution coefficient of acetic acid between the two phases is near unity, and (entry 12 in Table 2b ) it is slightly better soluble in the organic phase than in the IL. This was not expected, as already published elsewhere [22] , acetic acid in the ternary system acetic acid + ethylacetate + [EMIM] [HSO 4 ] is better soluble in the IL at 40 °C. 4 ] experiments differ from the HMIM and EMIM systems, here the addition of ethylacetate was needed to induce phase separation at 60°C. Addition of ester to induce phase separation was not needed for the systems with n-propylacetate and n-butylacetate. Due to the very small two-phase region for the [BMIM] [HSO 4 ] systems, there is a significant amount of ester present in the IL (in some cases up to 2/3 of the formed ester is in the IL-phase) ,as well as a high IL amount in the organic phase (up to 8 % BMIM in ethylacetate). The high ester content in the ionic phase is, as we believe, the main reason for the lower conversions achieved with BMIM, compared to the other two IL. At lower temperatures the miscibility gap widens (Table 2a , entry 15 to 17) and there was a second phase (entry 17) without addition of ester. The obtained conversion in this case was about 67-68%, corresponding to that without IL. Especially for the experiments with BMIM at 60°C, it was found that in some cases the conversions based on water (63 %) and acetic acid (51 %) differ significantly, which means that there is more water in the system than produced by the esterification reaction. The side reaction is not observed or passes only to a low extent in the cases where the alcohol is better soluble in the ester than in the IL.
Variation of the Cation of the IL

The [HMIM][HSO
The [BMIM][HSO
The phase behavior of the five component systems corresponds to that experimentally determined for the ternary systems [22] . A decrease in the size of the two phase region with increasing the alkyl chain length on cation is found. HMIM systems have the largest miscibility gaps with the lowest mutual solubility of ester and IL and the reactants are better soluble in the organic phase. For the [BMIM] [HSO 4 ] + ethylacetate systems the two-phase region is so small at 60 ˚C, that the system remains homogeneous at reaction equilibrium. The distribution of the reactants between the two-phases corresponds to that of the ternary systems, as the reactants are better miscible with the IL than with the ester. Additionally, there is a clearly recognizable trend in the reaction conversion with the cation of the IL. Increasing the alkyl chain length of the cation leads to lower conversion for all three reactions. This may be explained with the better solubility of the ester in the catalytic phase, promoting the back reaction and leading to lower reaction conversions. These observations are in agreement with literature [14] , where similar effects are observed for IL with an alkylammonium cation.
Variation of the Alkyl Chain of the Alcohol
The increase of the alkyl chain length of the alcohol and the ester leads to an increase of the miscibility gap for the ternary systems alcohol + ester + IL and acetic acid + ester + IL [23] . The same is true for the five component reactive systems. For example, as mentioned above, with BMIM (entry 13 in Table 2a ) the formation of second phase is only observed if ethylacetate is added, with butylacetate (entry 5 in Table 4a ) addition was not necessary. As a general rule, the less ester is found in the ionic liquid the longer the alkyl chain of the alcohol is. During the experiments the formation of second phase is observed earlier, compared to the ethanolethylacetate systems. As a consequence of this bigger miscibility gap, the biphasic esterification of the higher alcohols (propanol, butanol) is possible at higher concentrations of the reactants. This also allows the operation at a nonstoechiometric feed ratio and the use of less IL to induce the phase separation. Due to the smaller miscibility gaps in the ethanol/ethylacetate systems it is disadvantageous to have nonstoechiometric ratios ( 4 ]), since the mutual solubility of ester and IL may increase significantly. In some cases biphasic operation would be impossible as the operating points may lie outside the immiscibility region. When increasing the alkyl chain length, the solubility of alcohol in the ionic (catalytic) phase is decreased and, for higher alcohols (and esters), this could lead to slower kinetics and minor conversions.
The reaction conversions in one stage were at maximum 10-15% higher than the values for the homogeneous esterifications without IL. Values over 85% were obtained only if the reactants were in a nonstochiometrical ratio. Higher conversion (> 90%, 1:1) for similar reactions in these ionic liquids may only be expected if they exhibit anyway high K x values. Although all three IL are almost fully immiscible with the studied esters, the size of the two phase region differs markedly with the cation of the IL. Systems with shorter alkyl chain on the cation exhibit sufficiently big miscibility gaps. Generally it is observed that the distribution ratio rises slightly with increasing alkyl chain length on the alcohol/ester and decreases with the alkyl rest on the cation of the IL.
Modeling
We simulated the reaction conversion using a mathematical model presented elsewhere [30] . It is assumed that the reaction occurs only in the ionic phase. The reaction equilibrium is approximated for all three reactions by an Fig. (1) . Comparison of the calculated and experimental reaction conversions for the esterification of ethanol with acetic acid at 60°C. (s . Tables 2a and 2b) . equilibrium constant K x = 4. The side reaction was neglected and the phase equilibrium was approximated by the distribution coefficients obtained from the corresponding experiment. A comparison of the experimental and calculated conversions is presented in Figs. (1 to 3) . With these assumptions we obtained good results for the esterifications of ethanol and 1-propanol with acetic acid, but high deviations for 1-butanol. It is obvious, however that when the ratio of 1-butanol to acetic acid is 1:2 the match is much better. Also, for the esterifications in BMIM we obtained better compliance than for the other ionic liquids. The highest deviations in the conversion are usually observed when the concentrations of the alcohol and ester in the ionic phase are low. So we suppose that this higher difference is caused by the higher error in the calculation of the alcohol and ester mass fractions giving inaccurate values of the distribution ratio.
Using this model we performed a parameter study, varying the distribution ratios D = w OP /w IL of the compounds to obtain the influence of the phase equilibrium on the conversion. The simulations gave higher conversions when there is a good separation of the products. The more ester removed from the ionic phase (high D ester values) the better the calculated conversions. Under similar other conditions (D ester , D H2O and D IL constant) somewhat higher conversions are simulated, if both reactants (alcohol and acid) are better soluble in the catalytic phase (D reactant < 1) compared to being better soluble in the organic phase (D reactant >1). Also the calculated ester content of the organic phase is higher when the reactants are better miscible with the ionic phase, giving higher product purity. If the value of D reactant is much higher than 1, this may lead to the decrease of conversion. It is obvious that in this case the reactants are extracted from the ionic (catalytic) phase, which may have a negative effect on the reaction conversion.
SUMMARY
The miscibility gaps for esterification of lower alcohols with lower acids are small (particularly when BMIM is used), so that the biphasic operation is almost impossible or the addition of ester is necessary to induce phase separation. The two-phase region increases by decreasing the alkyl chain length of the cation and increasing the alkyl chain of the alcohol. Thus, for higher alcohols biphasic operation is always possible using any of the studied IL, also in the cases of a nonstoichiometric feed ratio. The distribution of the reactants between the ester and IL is also dependent on the cation and alkyl chain length of alcohol or acid (See Figs. 4  and 5) . Only for the esterification of the lower alcohols (up to propanol) with lower acids (up to acetic acid), one can expect to have one or both reactants in the catalytic (ionic) phase and this only for cations with longer alkyl chain ([EMIM] and [BMIM] ). For all other cases we expect to have both the alcohol and the acid in the organic phase with the distribution ratio D reactant rising when the alkyl chain length of the alcohol or acid is increased.
The results from this study, combined with the experimental data from ternary liquid-liquid equilibria studies presented elsewhere [22, 23] , lead to following conclusions in respect to the reaction conversion. For esterifications of aliphatic alcohols with acids, the most decisive parameter is the size of the immiscibility region. As shown, there is a relationship between the reaction conversion and the miscibility gap. A bigger one leads to better separation of the products and higher conversion. As mentioned, when increasing the alkyl rest R (both of alcohol and acid), it is guaranteed that the immiscibility region will rise, having a positive effect on the reaction conversion for the esterification of higher alcohols or acids. A second aspect is the distribution of the reactants between the phases. An unsuitable one (reactants less soluble in the catalytic phase, which will be typical for alcohols higher than butanol and acids higher than butyric acid) may lead to lower conversions or slower kinetics. In such cases it will be better to have the catalyst in the organic phase or a higher mass transfer area will be needed to promote kinetics. The preference is, when a larger miscibility gap is combined with the presence of both reactants in the catalytic phase. As shown, a longer alkyl chain of the cation improves the solubility of the reactants in the IL but leads to a smaller miscibility gap. For this reason we will not observe this case for esterifications of aliphatic alcohols with carbon acids using IL with 1-alkyl-3-methylimidazolium cation and hydrogen sulfate anion. This may explain the obtained moderate conversions compared to values reported in literature [11, 13, 16, 20] .
CONCLUSIONS
Although all studied ionic liquids are immiscible with esters, the size of the two-phase region for the systems varies significantly with, e.g. the cation of the IL. Thus, from the immiscibility of the IL with esters it cannot be simply concluded that the system will allow optimal biphasic operation. While the systems with a shorter alkyl chain of the cation (e.g. The phase equilibrium (both the size of the two-phase region and the distribution of the compounds between the phases) varies with the cation of the ionic liquid or with the alcohol. Ionic liquids with a longer alkyl chain of the cation are better miscible with one or both reactants, while e.g. for [HMIM] [HSO 4 ] in all studied cases, both the alcohol and the acid were better miscible with the organic phase. The trends in phase equilibrium obtained for the five-compoundsystems agree, in general, with the results from the threecompound-systems. These results allow the estimation of the phase behavior in esterification systems with IL with 1-alkyl-3-methylimidazolium cation and hydrogen sulfate anion. 
NOTATION
